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Cartilage destruction is a key characteristic of arthritic disease, a process now widely established to be mediated by metzincins
such as MMPs. Despite showing promise in preclinical trials during the 1990s, MMP inhibitors for the blockade of extracellular
matrix turnover in the treatment of cancer and arthritis failed clinically, primarily due to poor selectivity for target MMPs. In recent
years, roles for serine proteinases in the proteolytic cascades leading to cartilage destruction have become increasingly apparent,
renewing interest in the potential for new therapeutic strategies that utilize pharmacological inhibitors against this class of
proteinases. Herein, we describe key serine proteinases with likely importance in arthritic disease and highlight recent advances in
this field.
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thritis; CTSG, cathepsin G; DMM, destabilization of the medial meniscus; ECM, extracellular matrix; HtrA, high tempera-
ture requirement proteinase A; MAC, membrane attack complex; NE, neutrophil elastase; NSP, neutrophil serine
proteinases; OA, osteoarthritis; PAR, proteinase-activated receptor; PCSK, proprotein convertases subtilisin and kexin type;
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inhibitor of metalloproteinase; tPA, tissue-type plasminogen activator; TTSP, type II transmembrane serine proteinases;
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Introduction

The word arthritis comes from the Greek word arthron — mean-
ing joint — and itis meaning inflammation. Whilst a relatively
heterogeneous group of diseases, arthritic diseases typically
involve pain, immobility and destruction of the extracellular
matrices of the synovial joints. The most prevalent (and most
studied) are osteoarthritis (OA) and rheumatoid arthritis
(RA). OA has an insidious onset and typically affects older
people. Originally believed to be a disease of ‘wear-and-tear’,
it is now considered a result of distinct molecular pathways
that manifest as gradual destruction of the articular cartilage,
osteophyte formation, subchondral bone thickening (scle-
rosis) and often a degree of synovial inflammation. RA is
an autoimmune disease with rapid onset, driven by a
highly inflammatory and hyperplastic synovial membrane
which invades the joint. As a further level of complexity,
many RA patients present with ‘secondary’ OA, including
osteophyte development which further contributes to joint
impairment (Figueiredo et al., 2016). Importantly, although
considered separate diseases clinically, RA and OA both re-
sult in the destruction of articular cartilage and exposure
of the underlying bone.

Cartilage is a unique tissue consisting of a rich extracellu-
lar matrix (ECM), devoid of vascularization or innervation,
harbouring a single cell type, the chondrocyte. Cartilage
ECM is composed predominantly of type II collagen, which
provides tensile strength whilst the large proteoglycan aggre-
gate, aggrecan, provides compressive strength by drawing
water from the surrounding area. Cartilage also contains nu-
merous less abundant matrix components such as biglycan,
cartilage oligomeric matrix protein, decorin and fibronectin.

Metalloproteinases are the class of proteinase attributed
as the key effector proteinases in cartilage destruction. MMPs,
in particular the collagenases MMP1, MMP8 and MMP13),
are responsible for the destruction of cartilage collagen
which, due to slow synthesis and repair processes, is essen-
tially irreversible (Rowan et al., 2008). Whilst MMPs can also
cleave aggrecan, a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS) proteinases — specifically
the aggrecanases (ADAMTS4, ADAMTSS) — are suggested
to be the primary mediators for cleaving this ECM compo-
nent. Despite promising preclinical results, MMP inhibitors
have proven overwhelmingly disappointing clinically.
Subjects exhibited a range of off-target effects, including a
‘musculoskeletal syndrome’ manifesting as arthralgia, im-
mobility and contractures (Fingleton, 2008). The failure of
MMP inhibitors was largely due to a lack of specificity since
they targeted the catalytic site (Rowan et al., 2008) which is
highly conserved amongst MMPs. Moreover, it is now
established that many MMPs function as ‘anti-targets’ and
hence the specificity of inhibitors to target particular MMPs
is crucial.

Serine proteinases are typically extracellular proteinases,
which combined with metalloproteinases, represent almost
2/3 of all proteinases (33% metallo, 32% serine; Ugalde
et al., 2010). They utilize a catalytic triad of serine, histidine
and aspartate which provides an optimal electrostatic envi-
ronment for nucleophilic attack of a carbonyl group on a pep-
tide backbone from the hydroxyl group of the catalytic
serine. Important physiological roles for serine proteinases
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include blood coagulation, digestion, fertility and wound
healing. More recently, genomic advances have led to the dis-
covery of new serine proteinases and indeed entirely new
sub-families. Our understanding of the roles of serine pro-
teinases in arthritis pathogenesis has been vastly improved
by the use of in vivo models, of which there are many
(reviewed in Vincent et al., 2012). Table 1 outlines key
findings from such models. Although proteolysis of cartilage
in arthritis is predominantly metalloproteinase-driven,
serine proteinases perform crucial functions such as
proMMP activation, direct ECM degradation, cytokine regu-
lation and receptor activation. Herein, we discuss evidence
for the involvement of serine proteinases associated with
the plasminogen-plasmin system, immune cells, comple-
ment, type II transmembrane serine proteinases (TTSP),
high temperature requirement proteinases and proprotein
convertases. Furthermore, we highlight recent advances in
our understanding of the roles of endogenous serine pro-
teinases and proteinase-activated receptors (PARs) in
cartilage breakdown in arthritis. Improving our understand-
ing of this enzyme class should identify more tractable
pharmacological targets to prevent the cartilage destruction
that characterizes arthritis.

Serine proteinases and cartilage ECM
turnover

Plasminogen/plasminogen activators
Plasminogen is processed into its active form, plasmin, by
the plasminogen activators (PAs) urokinase-type and tissue-
type plasminogen activator (uPA and tPA, respectively),
which are themselves synthesized as pro-enzymes. Plasmin
has broad substrate specificity and therefore has numerous
functions although it is perhaps best described in fibrinolysis,
a process essential during blood clotting (Draxler and
Medcalf, 2015). The presence of key components of the
plasminogen/PA systems has been examined in the joint,
and whilst the expression of plasminogen mRNA is undetect-
able in articular cartilage (Milner et al., 2010), the proteinase
has been detected in synovial fluid (Caughey and Highton,
1967). uPA has also been detected in synovial fluids of both
OA and RA patients, with levels significantly elevated in RA
(Busso et al., 1997).

Plasmin can degrade the ECM directly by cleavage of
components such as fibronectin, glycoproteins and proteo-
glycans, but it can also activate numerous proMMPs (Milner
et al.,, 2008). In cartilage explant culture, a potent uPA
inhibitor protected cytokine-stimulated cartilage from colla-
gen release, although the selectivity of the inhibitor means
off-target inhibition cannot be excluded (Milner et al.,
2001). The addition of plasminogen to this system induces
collagen release early, suggesting the presence of active plas-
minogen activators, conversion to plasmin and subsequent
proMMP activation (Milner et al., 2001).

Different animal models of arthritis have yielded
conflicting results using transgenic mice deficient for
plasminogen/PA system components, likely due to differ-
ences in disease initiation and progression between models.
Plasminogen- and uPA-deficient mice both exhibited
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protection in collagen-induced arthritis (CIA) and K/BxN
models of inflammatory arthritis (Li et al., 2005b; Cook
et al., 2010). Conversely, these mice demonstrated marked
disease exacerbation following antigen-induced arthritis
(Busso et al., 1998; Li et al., 2005a). It is hypothesized that
the presence or absence of trauma during arthritis induction
is crucial to the effects these fibrinolytic proteinases have on
disease development (Li et al., 2005a; De Nardo et al., 2010).
More recently, a TNFa-driven murine model of inflamma-
tory arthritis (Keffer et al., 1991) demonstrated that
plasminogen-deficient mice exhibited protection from ar-
thritis in the knee joints but exacerbated arthritis develop-
ment in paw joints further highlighting the importance of
the joint micro-environment on disease progression (Raghu
et al., 2014).

Type 1l transmembrane serine proteinases

In OA, cartilage destruction is initially observed in the
pericellular matrix surrounding the chondrocyte (Hollander
et al., 1995) making membrane-bound serine proteinases
likely candidates for a role in disease initiation. Indeed, in-
creased expression of the TTSP matriptase (originally called
suppressor of tumourigenicity 14) was described in OA carti-
lage compared to control healthy tissue (Milner et al., 2010).
Matriptase has previously been described as a proMMP3 ac-
tivator (Jin et al., 2006), a prime enzyme involved in the acti-
vation of many other proMMPs. Matriptase was also
demonstrated to directly activate proMMP1, a key collage-
nase involved in cartilage destruction. Interestingly, when
added to OA, cartilage in explant culture matriptase induced
significant expression of proMMP1 and proMMP3 as well as
significant collagen and proteoglycan release, which was
dependent on both metalloproteinases and PAR2, a well-
described substrate for matriptase (Milner ef al., 2010; Wil-
kinson et al., 2017b). Importantly, cartilage protection in a
destabilization of the medial meniscus (DMM) model of
OA (Glasson et al., 2007) was observed in a dose-dependent
manner following administration of matriptase inhibitors
(Wilkinson et al., 2017b). Interestingly, since matriptase
can auto-activate, it has been postulated as an initiator of
proteolytic cascades (Qiu et al., 2007). A related TTSP,
hepsin, can activate proMMP1 and proMMP3 and also in-
duce cartilage destruction when added to human OA carti-
lage cultures. However, the lower levels of collagen release
compared to matriptase are likely attributable to the mark-
edly reduced capacity of hepsin for PAR2 activation (Wilkin-
son et al., 2017a), further highlighting how even related
proteinases can have overlapping yet distinct substrate rep-
ertoires (Qiu et al., 2007).

Immune cell-derived serine proteinases

Immune cell infiltration is a key driver of arthritis pathology,
particularly for inflammatory arthropathies. There are nu-
merous examples of leukocyte-derived serine proteinases
which likely contribute towards disease. The neutrophil
serine proteinases (NSPs) - meutrophil elastase (NE),
cathepsin G (CTSG) and proteinase-3 (PR3) - are
stored in granules of polymorphonuclear leukocytes (neu-
trophils, eosinophils and basophils) and released during de-
granulation. Roles for these proteinases have been
particularly well described in inflammatory arthritis such as

Serine proteinases and arthritis m

RA, in which neutrophils play a central role in disease
aetiology. Indeed, perhaps unsurprisingly, NE levels are sig-
nificantly higher in inflammatory arthropathies (Borth
et al., 1986; Huet et al., 1992; Elsaid et al., 2003). Mice defi-
cient in dipeptidylpeptidase-I (DPP1; also known as ca-
thepsin C), a key cysteine proteinase involved in NSP
activation in the lysosomal pathway, are protected against
collagen-induced and collagen antibody-induced arthritis
(Adkison et al., 2002; Hu and Pham, 2005), with reduced
proteoglycan depletion and cellular infiltrate. Similarly, dou-
ble knockout NE~/~/CTSG ™/~ mice demonstrated a reduced
arthritis score compared to wild-type mice (Adkison et al.,
2002), further highlighting the importance of these en-
zymes in disease progression. Neutrophil degranulation in-
duces potent cartilage destruction (Hilbert et al., 2002) and
NE inhibition has also proven effective at reducing articular
cartilage destruction in the CIA model of RA in mice
(Kakimoto et al., 1995; Janusz and Durham, 1997). Due to
the broad specificity of NSPs, their most probable role in
RA progression is that of direct ECM destruction. Indeed,
NE and CTSG induce potent destruction of cartilage proteo-
glycan in vitro and in vivo (McDonnell et al., 1993). NE has
also been demonstrated to activate proMMP3 (Nagase
et al., 1990) and proMMP9 (Ferry et al., 1997), the activa-
tion of which may also contribute to joint destruction. In-
terestingly, NE also potently degrades tissue inhibitor of
metalloproteinase (TIMP)1, further highlighting the in-
teraction of serine and metalloproteinase activities (Nagase
et al., 1997). However, more precise, regulatory roles for
these proteinases are emerging, including cytokine process-
ing, receptor shedding and apoptosis (Pham, 2008). For ex-
ample, NE, CTSG and PR3 can disarm PAR2 by cleaving
the C-terminal of the canonical activation site. Interestingly,
NE can also induce non-canonical, biased PAR2 signalling,
indicating that NE may play a role in modulating inflamma-
tory responses (Ramachandran et al., 2011). NSPs in OA are
less well described. However, inflammation in the pathogen-
esis of OA is increasingly recognized, at least within a subset
of patients. Recently, a PAR2-dependent role for NE in in-
flammation and pain has been described in a murine OA
model induced by monoiodoacetate (Muley et al., 2017).
Furthermore, administration of sivelestat (a licensed NE
inhibitor) reduced structural changes following post-
traumatic knee injury in rats (Yu et al., 2017).

Granzymes are serine proteinases stored in the cytoplas-
mic granules of cytotoxic T-lymphocytes and natural killer
cells, which, upon release into the intercellular space (termed
the ‘immunological synapse’), play essential roles in induc-
ing apoptosis in target cells (Kurschus and Jenne, 2010).
Granzyme A and granzyme B are detectable in RA syno-
vial fluids (Spaeny-Dekking et al., 1998), and levels of the
latter correlate with joint erosion in rheumatoid factor pos-
itive patients with early RA (Goldbach-Mansky et al., 2005).
This proteinase can directly degrade cartilage components,
including aggrecan (Froelich et al.,, 1993; Ronday et al.,
2001), and is expressed not only in leukocytes but also by
chondrocytes (Horiuchi et al., 2003). In CIA, granzyme A-
deficient mice exhibited reduced joint damage, bone ero-
sion and inflammatory cytokine production compared to
wild-type controls. Interestingly, the authors also demon-
strated that granzyme A induces osteoclastogenesis, which
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may have relevance to its observed function in disease
(Santiago et al., 2017).

Mast cells are leukocytes with a role in immune surveil-
lance and are considered some of the first cells responsible
for engaging antigens or pathogens but are perhaps best
known for playing a major role in allergic responses (Espinosa
and Valitutti, 2017). Mast cell-resident serine proteinases in-
clude tryptase and chymase, which exhibit trypsin-like
and chymotrypsin-like activities respectively (Caughey,
2016). In RA, both proteinases are present at the interface
between cartilage and the invading pannus (Tetlow and
Woolley, 1995) and can activate several proMMPs (Milner
etal., 2008). Tryptase can also cleave numerous ECM compo-
nents (Milner et al., 2008). However, administration of a
tryptase inhibitor to mice following induction of arthritis
by mBSA/IL-1p affected several parameters of inflammation
but did not alter levels of joint destruction (Denadai-Souza
et al.,, 2017). Interestingly, detectable autoantibodies to
tryptase in RA patients has led to it being proposed as a candi-
date autoantigen (Guo et al., 2014). Tryptase is also a potent
activator of PAR2 signalling and has been suggested to pro-
mote inflammatory arthritis via activation of this receptor
(Palmer et al., 2007).

Complement cascade
The complement cascade is an important component of in-
nate immunity which upon activation has essential roles in
pathogen clearance (Thurman et al., 2017). Key components
of this pathway are the serine proteinases C1s, C1r, C2, Factor
B, Factor I and Factor D. A cascade of proteolytic events trig-
gered by the detection of a foreign antigen results in the for-
mation of a membrane attack complex (MAC) and cell lysis
(for review, see Harris, 2018). Whilst a crucial component of
normal host immune responses, dysregulated complement
activation has been described in numerous inflammatory dis-
orders, including RA. For example, all complement compo-
nents are expressed in synovium, but levels are markedly
elevated in RA (Gulati et al., 1994). Chondrocytes are also ca-
pable of complement component expression, which can be
modulated by pro-inflammatory cytokines (Bradley et al.,
1996). Active C1s has been localized to degrading articular
cartilage from RA patients (Nakagawa et al., 1999). Indeed,
Cls has been shown to degrade collagen types I and II
(Yamaguchi et al., 1990), although it does not generate the
‘three quarter and one quarter’ fragments (Woolley et al.,
1975) following classical collagenase cleavage, suggesting
that it is unlikely to be a major collagenase in arthritis. Carti-
lage matrix components released by proteolytic degradation
can initiate complement activation (Happonen et al., 2012),
and targeting of the different factors within the complement
cascade is now viewed as having therapeutic potential for RA
(for an excellent review, see Thurman et al., 2017).
Consistent with the paradigm that inflammation is im-
portant in OA, an essential role for the complement system
in the pathogenesis of experimental OA has been reported
(Wang et al., 2011). Genomic and proteomic approaches
demonstrated increased expression and activation of comple-
ment components in synovial fluid and membranes of pa-
tients with OA compared to control non-diseased tissue.
Mice deficient in complement components C5 or C6 (not
themselves serine proteinases, but downstream) exhibited
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protection against cartilage damage following meniscectomy
or DMM. Conversely, mice deficient in CD59a, an inhibitor of
MAC, had increased cartilage damage scores. Immunohisto-
chemistry demonstrated the presence of MAC on the cell sur-
face of human OA chondrocytes, and ‘sub-lytic’ levels of
MAC were capable of inducing pro-inflammatory cytokines
and matrix-degrading enzymes.

Activated protein C

Activated protein C (APC) is a serine proteinase activated
from its precursor (protein C) by thrombin and has a well-
established role as an antithrombotic, principally function-
ing to inactivate factors Xa and VIIla in the regulation of
blood coagulation pathways. However, it has also been dem-
onstrated to have anti-apoptotic, anti-inflammatory and
pro-regenerative functions (reviewed in Griffin et al., 2015).
APC has been detected in the synovial fluids from OA and
RA patients (Buisson-Legendre et al., 2004) and enhanced
cytokine-induced cartilage breakdown which correlated with
increased activation of proMMP2 and proMMP9 (Jackson
et al., 2009). Moreover, MMP2 and APC co-localize in endo-
thelial and synovial lining cells in RA joints (Buisson-Legen-
dre et al., 2004).

Interestingly, it has been suggested that APC can reduce
the expression of MMP9 by binding to endothelial protein
C receptor in synovial fibroblasts, a mechanism likely involv-
ing suppression of NFkB-mediated signalling. The same au-
thors also demonstrated that APC increased the expression
of MMP2 in these cells (Xue et al., 2007). APC can induce car-
tilage breakdown in human OA cartilage even in the absence
of pro-inflammatory cytokine stimulation, an effect depen-
dent on metalloproteinase activity. Importantly, it was dem-
onstrated that APC does not affect the expression of key
metalloproteinases in OA chondrocytes (Jackson et al.,
2014a), and although unable to directly activate proMMP13
(Jackson et al., 2009), it is likely that APC interacts with other
metalloproteinases in the proteolytic cascades leading to car-
tilage destruction.

Proprotein convertases

The proprotein convertases subtilisin and kexin type (PCSK)
are a family of nine calcium-dependent serine proteinases
(PCSK1-9), which typically cleave after a highly basic se-
quence (RXR/KR|), and are involved in the processing and ac-
tivation of proteinases and growth factors. Several PCSKs,
including the most extensively studied family member
furin (PCSK3), contain transmembrane domains and are
involved in the intracellular processing of substrates in the
trans-golgi network (Milner et al., 2008). Aberrant PCSK ac-
tivities are involved in numerous disease states, and inhibi-
tors are currently in clinical trials for cancer (Klein-Szanto
and Bassi, 2017).

In an ex vivo model of cartilage breakdown using bovine
cartilage, Dec-RVKK-CH,Cl, an inhibitor of furin-like pro-
teinases, provided protection against cytokine-induced
collagen breakdown (Milner ef al., 2003). This inhibitor re-
duced levels of active collagenase in the conditioned
medium, suggesting a role for these serine proteinases in
collagenase activation pathways. Reduced levels of active
MMP2 were also observed, the activation of which requires
a complex mechanism involving TIMP2 and MMP14
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(Milner et al., 2003; Milner et al., 2008). Furthermore,
MMP14 can be processed by furin and has been previously
shown to activate proMMP13, a major collagenase involved
in the destruction of type II collagen (Knauper et al., 1996;
Sato et al.,, 1996). Dec-RVKK-CH,Cl also provided partial
protection from proteoglycan breakdown, a process involv-
ing ADAMTS4 and ADAMTSS, both of which also contain
furin-like activation motifs (Wang et al., 2004; Longpre
et al., 2009). It is not yet clear which PCSK predominates in
cartilage breakdown, although furin has been detected in
cartilage and is elevated in OA (Moldovan et al., 2000). In
contrast, in murine CIA, administration of a furin inhibitor
increased the arthritis score, joint destruction, MMP expres-
sion and activity within the joint whilst furin administration
reduced these parameters (Lin et al., 2012). Although the
mechanism is undetermined, the authors hypothesized that
furin may play an immunomodulatory role via mobilization
of Tieg cells. Furthermore, it has recently been shown that
gene silencing of furin increases the growth and invasiveness
of human RA synoviocytes in vitro, as well as increasing their
production of IL-188 and TNFa (Wu et al., 2017). Since RA is a
disease with marked synovial inflammation, it is possible
that furin may have differing roles in joint pathology de-
pending on the type of cell and tissue that drives disease
aetiology.

Paired amino acid cleaving enzyme 4 (PACE4; PCSK®6) is a
major PCSK involved in aggrecanase activation in human car-
tilage and is elevated in OA. Indeed, PACE4 silencing was able
to reduce proteoglycan release and aggrecanase-generated
neo-epitopes of aggrecan in cytokine-stimulated bovine and
human OA cartilages (Malfait et al., 2008). Interestingly,
single-nucleotide polymorphisms in the PCSK6 gene have
been linked to protection of human OA-related knee pain,
whilst pcsk6 null mice were significantly protected from pain
in several algesiometric tests (Malfait et al., 2012).

High temperature requirement proteinases

There are four high temperature requirement proteinases
(HtrA1-4) which have important roles in protein quality con-
trol as well as the regulation of diverse biological processes
such as cellular signalling (Tiaden and Richards, 2013). HtrA1
is the most studied in the context of arthritic disease; it has
trypsin-like substrate specificity with an insulin-like growth
factor binding protein domain and a kazal-like inhibitor do-
main at its N-terminus (Tiaden and Richards, 2013). A role
for HtrAl has been speculated in OA pathology for some
time. An increase (~7-fold) in HtrA1 mRNA in OA cartilage
compared with normal cartilage has been observed (Hu
et al., 1998), and protein levels have also been shown to
be markedly increased in disease compared to age-matched
controls (Chamberland et al., 2009). Furthermore, HtrA1l
levels are significantly elevated in OA synovial fluids (Grau
et al., 2006).

It remains unclear exactly how HtrAl contributes to
disease, although it has been linked to the inhibition of
TGF-p signalling (Zurawa-Janicka et al., 2010). Moreover,
HtrA1l has the potential to degrade important ECM compo-
nents, including fibronectin, type II collagen, decorin and
aggrecan (Tiaden and Richards, 2013). Indeed, a novel
cleavage site within the aggrecan interglobular domain
has been identified, and neoepitope antibodies recognizing
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this site show higher reactivity in OA cartilage compared
with normal controls (Chamberland et al., 2009). HtrAl
can induce MMP1 and MMP3 in synovial fibroblasts by
generating fibronectin fragments (Grau et al., 2006), which
may also contribute to OA through various mechanisms in-
cluding cytokine production. It has been reported that
upon disease initiation in the CIA model, HtrAl expression
is elevated, which correlates with resting chondrocytes
undergoing terminal differentiation as well as an increase
in joint swelling (Tsuchiya et al., 2005). In a murine model
of OA wusing a heterozygous mutant of COL2A1 -
spondyloepiphyseal dysplasia congenita (sedc/*) — which
develops OA prematurely, cartilage immunostaining dem-
onstrated increased HtrAl, MMP13 and discoidin-
containing receptor-2 compared to control mice which pre-
ceded cartilage destruction, suggesting a potential role in
disease initiation.

Proteinase-activated receptors

The PAR family have gained interest as potential therapeutic
targets due to their critical roles in inflammation, vascular
physiology, development and cancer progression. PARs offer
an important link between extracellular proteinases and
cellular responses because they are activated through a
proteolytic mechanism, whereby proteinases cleave the
N-terminus, exposing a tethered ligand domain. Once
cleaved, the new N-terminus binds and activates the receptor
(Yau et al., 2013). Many of the PAR-activating serine protein-
ases are produced during tissue damage, and thus, PARs con-
tribute to processes of repair and inflammation. Although
there are four family members (PAR1-4), it is mainly PAR2
which has been associated with arthritis. PAR2 is activated
by serine proteinases such as trypsin, tryptase or matriptase
(Yau et al., 2013). It is present in articular chondrocytes, with
increased expression in osteoarthritic cartilage (Xiang et al.,
2006). Utilizing animal models, PAR2 has emerged as a target
for preventing joint destruction. Confirming the important
role PAR2 has as a pro-inflammatory receptor, a murine
model of chronic inflammatory arthritis induced by Freund’s
complete adjuvant showed that the absence of PAR2 not only
reduced joint inflammation but also protected cartilage in-
tegrity (Ferrell et al., 2003). PAR2-deficient mice also showed
protection from cartilage damage in the DMM model of OA
(Ferrell et al., 2010; Amiable et al., 2011; Jackson et al.,
2014b), which has limited inflammation. Further studies on
murine DMM indicated that PAR2 deficiency delayed osteo-
phyte maturation (Huesa et al., 2016), which reflects the pre-
viously observed delay in callus formation during bone
fracture repair (Georgy et al., 2012; O'Neill et al., 2012). This
suggests a role for PAR2 in driving pathogenic chondrocyte
differentiation and/or maturation, separate from its pro-
inflammatory action.

As a therapeutic target in musculoskeletal diseases,
preventing PAR2 activation may be beneficial for cartilage re-
pair or delaying OA progression, and the development of po-
tent and specific PAR2 antagonists is ongoing (Yau et al.,
2013). A better understanding of the activation of PAR2 in
different ECMs may provide new targets in the treatment of
pathological joint destruction.
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Endogenous serine proteinase
inhibitors in matrix homeostasis

Like metalloproteinases, serine proteinases exist in a delicate
equilibrium with cognate inhibitors. Serine proteinase inhib-
itors (serpins) are the largest family of endogenous serine pro-
tease inhibitors. A reactive centre loop (RCL) is positioned
above the body of the serpin, acting as a ‘bait region’ for tar-
get proteinases. Upon cleavage, a covalent serpin-proteinase
complex forms, concomitant with a conformational change
rendering the proteinase inactive (Huntington, 2011).

One of the most studied members of the serpin family,
SERPINA1 (al-antitrypsin), has been identified as a differen-
tiation marker in chondrogenesis (Boeuf et al., 2008). This
serpin is up-regulated during chondrogenic induction from
bone marrow-derived stem cells and down-regulated during
chondrocyte dedifferentiation in monolayer culture. The ex-
pression of SERPINA1, as well as other serpins including
SERPINE1 (plasminogen activator inhibitor 1) and SERPINE2
(protease nexin 1) is up-regulated in chondrocytes by
cytokine-stimulation (Treadwell et al., 1991; Fischer et al.,
1999; Santoro et al., 2015), perhaps suggesting an important
protective mechanism for articular chondrocytes to prevent
cartilage damage by counteracting inflammation-induced
proteinase activities. Indeed, some studies have assessed
serpins in synovial fluid, with levels significantly increased
in RA and OA, compared to controls (Belcher et al., 1996;
Maciejewska-Rodrigues et al., 2010). In vivo, SERPINA1
administration delayed onset and reduced disease scores in
the inflammatory CIA model whilst, ex vivo, SERPINA1
afforded partial protection from cytokine-stimulated break-
down in bovine cartilage (Milner et al., 2001; Grimstein
et al., 2011). As each serpin inhibits its own spectrum of
target proteinases, the partial protection from breakdown
suggests that different serine proteinases may be involved.
In normal human cartilage, basal levels of SERPINA1 and
SERPINA3 (al-antichymotrypsin) expression have been
reported, with reduced expression of SERPINA1 in OA carti-
lage (Boeuf et al., 2008). Interestingly, active MMPs have
been shown to inactivate serpins by cleavage within the
RCL (Mast et al., 1991; Lijnen et al., 2000; Lijnen et al.,
2001), perhaps indicating that MMP activity could further
enhance cartilage destruction indirectly, by increasing the
proteolytic burden from serine proteinases.

Gaining a detailed understanding of serine proteinase in-
hibitor function in cartilage will not only provide insight into
which inhibitors are essential for chondroprotection but will
also likely highlight key serine proteinases involved in ECM
catabolism.

Targeting of serine proteinases in
arthritis — potentials and limitations

In OA, there are no therapies that alter disease progression,
and the majority of current treatments involve pain manage-
ment, followed ultimately by joint replacement. Although
disease-modifying treatments for RA, such as biologics
targeting TNFaq, are effective for many patients, some do not
respond to these therapies (Kiely et al., 2012). Thus, there is
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clearly a requirement to develop new anti-arthritic drugs to
help address dysfunctional immunoregulation and/or pre-
vent or perturb the loss of cartilage from the joint surface.

The failure of clinically effective MMP inhibitors has led
to a degree of scepticism regarding proteinases as relevant tar-
gets for therapeutic intervention. Despite a new drive for spe-
cific MMP inhibitors in recent years, including some marked
advances in the development of MMP13 inhibitors (recently
reviewed in Xieetal., 2017), the active site architecture of sev-
eral MMPs is similar, with substrate specificity often deter-
mined by the non-catalytic haemopexin domain (Rowan
et al., 2008). Whilst we concur ECM turnover in arthritis is
likely predominantly metalloproteinase-driven, the critical
importance of serine proteinase activities in regulating
MMP activities at different levels is clear and may represent
novel therapeutic opportunities. The emergence of genomic
and proteomic advances over the past two decades has trans-
formed our understanding of serine proteinase involvement
and indeed identified new proteinases, which may play fun-
damental roles in the pathology underlying arthritic diseases.
A summary of the key proteinases outlined in this review is
depicted in Figure 1.

Serine proteinases have been targets for therapeutic inter-
vention for some time. Perhaps the most notable success
story in recent years has been coagulation factor X (factor
Xa) inhibitors which were developed following a flood of in-
terest into more satisfactory anti-thrombotic agents than
the widely used warfarin and vitamin K (Yeh et al., 2012).
Like many trypsin-like serine proteinases, coagulation factor
X exhibits a hydrophilic active site cleft, with an aspartate
residue in the S1 pocket providing a strong requirement for
basicity in the P1 position. Hence, the design of orally bio-
available drugs represented a challenge, although not an in-
surmountable one (Quan et al., 2003), and such compounds
were eventually licensed for use as anti-coagulants in numer-
ous disorders (Yeh et al., 2012). Other serine proteinases do
not have such subsite binding preferences; indeed, inhibitors
of NE have been designed, with one drug, sivelestat, becom-
ing licensed for the treatment of acute lung injury in Japan
and South Korea, although its clinical efficacy is controversial
(Aikawa and Kawasaki, 2014). In a further example,
SERPINA1 is routinely administered to patients suffering
from al-antitrypsin deficiency, a common genetic disorder,
which manifests as emphysema and impaired liver function
(Teschler, 2015).

If serine proteinases are to be considered potential targets
for therapeutic intervention for attenuating joint destruction
in arthritis, the following questions must be answered: (i)
What is the best target and can it be selectively inhibited?
(ii) Is the target disease-specific and are there likely to be dif-
ferences amongst patients diagnosed with the same disease?
(iii) When would a therapeutic be administered and what
would be the most appropriate route of administration?

The most tractable serine proteinase targets will likely dif-
fer between RA and OA. As an autoimmune disorder with sig-
nificant inflammatory infiltrate, it is likely that cartilage ECM
destruction in RA is driven by proteinases from the hyper-
plastic synovial membrane or degranulation of infiltrating
leukocytes. Perhaps the most exciting targets for RA would in-
clude NSPs, complement or mast cell-derived proteinases. In
contrast, cartilage degradation in OA is probably driven by
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Figure 1

Summary schematic for key mechanisms of cartilage destruction involving serine proteinases. In arthritis, destruction of the cartilage ECM is pre-
dominately due to the action of metalloproteinases (MP) such as MMP and ADAMTS proteinases. However, serine proteinases play key roles in the
regulation of catabolic process, such as activation of proenzymes (1). Direct proteolysis of the ECM by serine proteinases such as plasmin, immune
cell-derived serine proteinases, complement and HtrA1 also likely contribute to pathology (2). Serine proteinases may also induce the expression
of metalloproteinases through PAR and complement activation, for example (3).

chondrocyte-derived proteinases, although mediators from
an inflamed synovium should not be excluded. TTSPs such
as matriptase, or the serine proteinase receptor, PAR2, could
represent exciting targets to limit MMP-dependent cartilage
destruction. A wealth of data suggest that HtrA1l likely has
an important role in OA although further work is required
to establish the central mechanism by which it may
contribute.

A key hurdle is the heterogeneity of disease for both RA
and OA. Differences in disease aetiologies between individ-
uals suggest that a ‘one-size-fits-all’ approach is unlikely to
be successful, and a more tailored approach is required. Excit-
ing advances have been made in the detection of active pro-
teinases within biological samples using probes which are
specific for a particular proteinase (reviewed in Sanman and
Bogyo, 2014). Profiling of proteinases using activity-based
probes in arthritis could reveal which proteinases are most ac-
tive within synovial fluid, for example, and specific therapeu-
tics administered to individual patients based on the
identified profile.

Conclusions

Although our understanding of the roles of serine proteinases
in cartilage ECM turnover in arthritis has improved dramati-
cally over the last two decades, details of the biology under-
pinning disease remain incomplete, still more questions
than answers. Previous studies suggest serine proteinases are
amenable to therapeutic intervention with sufficient struc-
tural differences to allow for selective targeting. Findings

from in vivo models of arthritis do not always translate to
the human condition, but if they do for specific serine pro-
teinases, this could prove an attractive strategy to limit the
destruction of the cartilage ECM.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding
et al., 2018), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a,b).

Acknowledgements

The authors acknowledge funding from Arthritis Research UK
(grant 20199) and the JGW Patterson Foundation.

Conflict of interest

The authors declare no conflicts of interest.

References

Adkison AM, Raptis SZ, Kelley DG, Pham CT (2002). Dipeptidyl
peptidase I activates neutrophil-derived serine proteases and

British Journal of Pharmacology (2019) 176 38-51 47


http://www.guidetopharmacology.org
http://www.guidetopharmacology.org

m D | Wilkinson et al.

regulates the development of acute experimental arthritis. J Clin
Invest 109: 363-371.

Aikawa N, Kawasaki Y (2014). Clinical utility of the neutrophil
elastase inhibitor sivelestat for the treatment of acute respiratory
distress syndrome. Ther Clin Risk Manag 10: 621-629.

Alexander SPH, Christopoulos A, Davenport AP, Kelly E, Marrion NV,
Peters JA et al. (2017a). The Concise Guide to PHARMACOLOGY
2017/18: G protein-coupled receptors. Br ] Pharmacol 174: $17-5129.

Alexander SPH, Fabbro D, Kelly E, Marrion NV, Peters JA, Faccenda E
et al. (2017b). The Concise Guide to PHARMACOLOGY 2017/18:
Enzymes. Br ] Pharmacol 174: S272-S359.

Amiable N, Martel-Pelletier J, Lussier B, Kwan Tat S, Pelletier JP,
Boileau C (2011). Proteinase-activated receptor-2 gene disruption
limits the effect of osteoarthritis on cartilage in mice: a novel target in
joint degradation. ] Rheumatol 38: 911-920.

Belcher C, Fawthrop F, Bunning R, Doherty M (1996). Plasminogen
activators and their inhibitors in synovial fluids from normal,
osteoarthritis, and rheumatoid arthritis knees. Ann Rheum Dis 55:
230-236.

Boeuf S, Steck E, Pelttari K, Hennig T, Buneb A, Benz K et al. (2008).
Subtractive gene expression profiling of articular cartilage and
mesenchymal stem cells: serpins as cartilage-relevant differentiation
markers. Osteoarthritis Cartilage 16: 48-60.

Borth W, Dunky A, Kleesiek K (1986). Alpha 2-macroglobulin-
proteinase complexes as correlated with alpha 1-proteinase inhibitor-
elastase complexes in synovial fluids of rheumatoid arthritis patients.
Arthritis Rheum 29: 319-325.

Bradley K, North J, Saunders D, Schwaeble W, Jeziorska M, Woolley
DE et al. (1996). Synthesis of classical pathway complement
components by chondrocytes. Immunology 88: 648-656.

Buisson-Legendre N, Smith S, March L, Jackson C (2004). Elevation of
activated protein C in synovial joints in rheumatoid arthritis and its
correlation with matrix metalloproteinase 2. Arthritis Rheum 50:
2151-2156.

Busso N, Peclat V, So A, Sappino AP (1997). Plasminogen activation in
synovial tissues: differences between normal, osteoarthritis, and
rheumatoid arthritis joints. Ann Rheum Dis 56: 550-557.

Busso N, Peclat V, Van Ness K, Kolodziesczyk E, Degen ], Bugge T
et al. (1998). Exacerbation of antigen-induced arthritis in
urokinase-deficient mice. J Clin Invest 102: 41-50.

Caughey DE, Highton TC (1967). Components of the fibrinolytic
system in synovial joints. Normal bovine compared with normal and
abnormal human synovial joints. Ann Rheum Dis 26: 297-305.

Caughey GH (2016). Mast cell proteases as pharmacological targets.
Eur J Pharmacol 778: 44-55.

Chamberland A, Wang E, Jones AR, Collins-Racie LA, Lavallie ER,
Huang Yet al. (2009). Identification of a novel HtrAl-susceptible
cleavage site in human aggrecan: evidence for the involvement of
HtrAl in aggrecan proteolysis in vivo. ] Biol Chem 284:
27352-27359.

Cook AD, De Nardo CM, Braine EL, Turner AL, Vlahos R, Way K] et al.
(2010). Urokinase-type plasminogen activator and arthritis
progression: role in systemic disease with immune complex
involvement. Arthritis Res Ther 12: R37.

De Nardo CM, Lenzo JC, Pobjoy J, Hamilton JA, Cook AD (2010).
Urokinase-type plasminogen activator and arthritis progression:
contrasting roles in systemic and monoarticular arthritis models.
Arthritis Res Ther 12: R199.

48  British Journal of Pharmacology (2019) 176 38-51

Denadai-Souza A, Ribeiro CM, Rolland C, Thouard A, Deraison C,
Scavone C et al. (2017). Effect of tryptase inhibition on joint
inflammation: a pharmacological and lentivirus-mediated gene
transfer study. Arthritis Res Ther 19: 124.

Draxler DF, Medcalf RL (2015). The fibrinolytic system-more than
fibrinolysis? Transfus Med Rev 29: 102-109.

Elsaid KA, Jay GD, Chichester CO (2003). Detection of collagen type
II and proteoglycans in the synovial fluids of patients diagnosed with
non-infectious knee joint synovitis indicates early damage to the
articular cartilage matrix. Osteoarthritis Cartilage 11: 673-680.

Espinosa E, Valitutti S (2017). New roles and controls of mast cells.
Curr Opin Immunol 50: 39-47.

Ferrell WR, Kelso EB, Lockhart JC, Plevin R, Mcinnes IB (2010).
Protease-activated receptor 2: a novel pathogenic pathway in a
murine model of osteoarthritis. Ann Rheum Dis 69: 2051-2054.

Ferrell WR, Lockhart JC, Kelso EB, Dunning L, Plevin R, Meek SE et al.
(2003). Essential role for proteinase-activated receptor-2 in arthritis. J
Clin Invest 111: 35-41.

Ferry G, Lonchampt M, Pennel L, De Nanteuil G, Canet E, Tucker GC
(1997). Activation of MMP-9 by neutrophil elastase in an in vivo
model of acute lung injury. FEBS Lett 402: 111-115.

Figueiredo CP, Simon D, Englbrecht M, Haschka J, Kleyer A, Bayat S
etal. (2016). Quantification and impact of secondary osteoarthritis in
patients with anti-citrullinated protein antibody-positive
rheumatoid arthritis. Arthritis Rheumatol 68: 2114-2121.

Fingleton B (2008). MMPs as therapeutic targets — still a viable
option? Semin Cell Dev Biol 19: 61-68.

Fischer DC, Siebertz B, Van De Leur E, Schiwy-Bochat KH, Graeve L,
Heinrich PC et al. (1999). Induction of alphal-antitrypsin synthesis
in human articular chondrocytes by interleukin-6-type cytokines:
evidence for a local acute-phase response in the joint. Arthritis
Rheum 42: 1936-1945.

Froelich CJ, Zhang X, Turbov J, Hudig D, Winkler U, Hanna WL
(1993). Human granzyme B degrades aggrecan proteoglycan in
matrix synthesized by chondrocytes. ] Immunol 151: 7161-7171.

Georgy SR, Pagel CN, Ghasem-Zadeh A, Zebaze RM, Pike RN, Sims NA
et al. (2012). Proteinase-activated receptor-2 is required for normal
osteoblast and osteoclast differentiation during skeletal growth and
repair. Bone 50: 704-712.

Glasson SS, Blanchet TJ, Morris EA (2007). The surgical
destabilization of the medial meniscus (DMM) model of
osteoarthritis in the 129/SvEv mouse. Osteoarthritis Cartilage 15:
1061-1069.

Goldbach-Mansky R, Suson S, Wesley R, Hack CE, El-Gabalawy HS,
Tak PP (2005). Raised granzyme B levels are associated with erosions
in patients with early rheumatoid factor positive rheumatoid
arthritis. Ann Rheum Dis 64: 715-721.

Grau S, Richards PJ, Kerr B, Hughes C, Caterson B, Williams AS et al.
(2006). The role of human HtrA1 in arthritic disease. ] Biol Chem 281:
6124-6129.

Griffin JH, Zlokovic BV, Mosnier LO (2015). Activated protein C:
biased for translation. Blood 125: 2898-2907.

Grimstein C, Choi YK, Wasserfall CH, Satoh M, Atkinson MA, Brantly
ML et al. (2011). Alpha-1 antitrypsin protein and gene therapies
decrease autoimmunity and delay arthritis development in mouse
model. ] Transl Med 9: 21.

Gulati P, Guc D, Lemercier C, Lappin D, Whaley K (1994). Expression
of the components and regulatory proteins of the classical pathway of



complement in normal and diseased synovium. Rheumatol Int 14:
13-19.

Guo Y, Wu Q, Ni B, Mou Z, Jiang Q, Cao Yet al. (2014). Tryptase is
a candidate autoantigen in rheumatoid arthritis. Immunology 142:
67-77.

Happonen KE, Heinegard D, Saxne T, Blom AM (2012). Interactions
of the complement system with molecules of extracellular matrix:
relevance for joint diseases. Immunobiology 217: 1088-1096.

Harding SD, Sharman JL, Faccenda E, Southan C, Pawson AJ, Ireland S
et al. (2018). The IUPHAR/BPS Guide to PHARMACOLOGY in 2018:
updates and expansion to encompass the new guide to
IMMUNOPHARMACOLOGY. Nucl Acids Res 46: D1091-D1106.

Harris CL (2018). Expanding horizons in complement drug
discovery: challenges and emerging strategies. Semin Immunopathol
40: 125-140.

Hilbert N, Schiller J, Arnhold J, Arnold K (2002). Cartilage
degradation by stimulated human neutrophils: elastase is mainly
responsible for cartilage damage. Bioorg Chem 30: 119-132.

Hollander AP, Pidoux I, Reiner A, Rorabeck C, Bourne R, Poole AR
(1995). Damage to type Il collagen in aging and osteoarthritis starts at
the articular surface, originates around chondrocytes, and extends
into the cartilage with progressive degeneration. J Clin Invest 96:
2859-2869.

Horiuchi K, Saito S, Sasaki R, Tomatsu T, Toyama Y (2003). Expression
of granzyme B in human articular chondrocytes. ] Rheumatol 30:
1799-1810.

Hu SI, Carozza M, Klein M, Nantermet P, Luk D, Crowl RM (1998).
Human HtrA, an evolutionarily conserved serine protease identified
as a differentially expressed gene product in osteoarthritic cartilage.
J Biol Chem 273: 34406-34412.

Hu Y, Pham CT (2005). Dipeptidyl peptidase I regulates the
development of collagen-induced arthritis. Arthritis Rheum 52:
2553-2558.

Huesa C, Ortiz AC, Dunning L, Mcgavin L, Bennett L, Mcintosh K
et al. (2016). Proteinase-activated receptor 2 modulates OA-related
pain, cartilage and bone pathology. Ann Rheum Dis 75: 1989-1997.

Huet G, Flipo RM, Richet C, Thiebaut C, Demeyer D, Balduyck M et al.
(1992). Measurement of elastase and cysteine proteinases in synovial
fluid of patients with rheumatoid arthritis, sero-negative

spondylarthropathies, and osteoarthritis. Clin Chem 38: 1694-1697.

Huntington JA (2011). Serpin structure, function and dysfunction.
J Thromb Haemost 9 (Suppl 1): 26-34.

Jackson MT, Moradi B, Smith MM, Jackson CJ, Little CB (2014a).
Activation of matrix metalloproteinases 2, 9, and 13 by activated
protein C in human osteoarthritic cartilage chondrocytes. Arthritis
Rheumatol 66: 1525-1536.

Jackson MT, Moradi B, Zaki S, Smith MM, Mccracken S, Smith SM
et al. (2014b). Depletion of protease-activated receptor 2 but not
protease-activated receptor 1 may confer protection against
osteoarthritis in mice through extracartilaginous mechanisms.
Arthritis Rheumatol 66: 3337-3348.

Jackson MT, Smith MM, Smith SM, Jackson CJ, Xue M, Little CB
(2009). Activation of cartilage matrix metalloproteinases by activated
protein C. Arthritis Rheum 60: 780-791.

Janusz MJ, Durham SL (1997). Inhibition of cartilage degradation in
rat collagen-induced arthritis but not adjuvant arthritis by the
neutrophil elastase inhibitor MDL 101,146. Inflamm Res 46:
503-508.

Serine proteinases and arthritis m

Jin X, Yagi M, Akiyama N, Hirosaki T, Higashi S, Lin CY et al.
(2006). Matriptase activates stromelysin (MMP-3) and promotes
tumor growth and angiogenesis. Cancer Sci 97: 1327-1334.

Kakimoto K, Matsukawa A, Yoshinaga M, Nakamura H (1995).
Suppressive effect of a neutrophil elastase inhibitor on the
development of collagen-induced arthritis. Cell Immunol 165:
26-32.

Keffer ], Probert L, Cazlaris H, Georgopoulos S, Kaslaris E, Kioussis D
etal. (1991). Transgenic mice expressing human tumour necrosis
factor: a predictive genetic model of arthritis. EMBO J 10: 4025-4031.

Kiely PD, Deighton C, Dixey J, Ostor A]J, British Society For
Rheumatology Standards, G, Audit Working, G (2012). Biologic
agents for rheumatoid arthritis--negotiating the NICE technology
appraisals. Rheumatology (Oxford) 51: 24-31.

Klein-Szanto AJ, Bassi DE (2017). Proprotein convertase inhibition:
paralyzing the cell’s master switches. Biochem Pharmacol 140: 8-15.

Knauper V, Lopez-Otin C, Smith B, Knight G, Murphy G (1996).
Biochemical characterization of human collagenase-3. ] Biol Chem
271:1544-1550.

Kurschus FC, Jenne DE (2010). Delivery and therapeutic potential of
human granzyme B. Immunol Rev 235: 159-171.

LiJ, Guo Y, Holmdahl R, Ny T (2005a). Contrasting roles of
plasminogen deficiency in different rheumatoid arthritis models.
Arthritis Rheum 52: 2541-2548.

LiJ, Ny A, Leonardsson G, Nandakumar KS, Holmdahl R, Ny T
(2005b). The plasminogen activator/plasmin system is essential for
development of the joint inflammatory phase of collagen type II-
induced arthritis. Am J Pathol 166: 783-792.

Lijnen HR, Arza B, Van Hoef B, Collen D, Declerck PJ (2000).
Inactivation of plasminogen activator inhibitor-1 by specific
proteolysis with stromelysin-1 (MMP-3). J Biol Chem 275:
37645-37650.

Lijnen HR, Van Hoef B, Collen D (2001). Inactivation of the serpin
alpha(2)-antiplasmin by stromelysin-1. Biochim Biophys Acta 1547:
206-213.

Lin H, Ah Kioon MD, Lalou C, Larghero ], Launay JM, Khatib AM et al.
(2012). Protective role of systemic furin in immune response-induced
arthritis. Arthritis Rheum 64: 2878-2886.

Longpre JM, Mcculloch DR, Koo BH, Alexander JP, Apte SS, Leduc R
(2009). Characterization of proADAMTSS processing by proprotein
convertases. Int ] Biochem Cell Biol 41: 1116-1126.

Maciejewska-Rodrigues H, Al-Shamisi M, Hemmatazad H, Ospelt C,
Bouton MC, Jager D et al. (2010). Functional autoantibodies
against serpin E2 in rheumatoid arthritis. Arthritis Rheum 62:
93-104.

Malfait AM, Arner EC, Song RH, Alston JT, Markosyan S, Staten N
et al. (2008). Proprotein convertase activation of aggrecanases in
cartilage in situ. Arch Biochem Biophys 478: 43-51.

Malfait AM, Seymour AB, Gao F, Tortorella MD, Le Graverand-
Gastineau MP, Wood LS et al. (2012). A role for PACE4 in
osteoarthritis pain: evidence from human genetic association and
null mutant phenotype. Ann Rheum Dis 71: 1042-1048.

Mast AE, Enghild JJ, Nagase H, Suzuki K, Pizzo SV, Salvesen G (1991).
Kinetics and physiologic relevance of the inactivation of alpha 1-
proteinase inhibitor, alpha 1-antichymotrypsin, and antithrombin
III by matrix metalloproteinases-1 (tissue collagenase), —2 (72-kDa
gelatinase/type IV collagenase), and —3 (stromelysin). ] Biol Chem
266: 15810-15816.

British Journal of Pharmacology (2019) 176 38-51 49



m D | Wilkinson et al.

McDonnell J, Lobner JM, Knight WB, Lark MW, Green B, Poe M et al.
(1993). Comparison of the proteoglycanolytic activities of human
leukocyte elastase and human cathepsin G in vitro and in vivo.
Connect Tissue Res 30: 1-9.

Milner JM, Elliott SF, Cawston TE (2001). Activation of
procollagenases is a key control point in cartilage collagen
degradation: interaction of serine and metalloproteinase pathways.
Arthritis Rheum 44: 2084-2096.

Milner JM, Patel A, Davidson RK, Swingler TE, Desilets A, Young DA
et al. (2010). Matriptase is a novel initiator of cartilage matrix
degradation in osteoarthritis. Arthritis Rheum 62: 1955-1966.

Milner JM, Patel A, Rowan AD (2008). Emerging roles of serine
proteinases in tissue turnover in arthritis. Arthritis Rheum 58:
3644-3656.

Milner JM, Rowan AD, Elliott SF, Cawston TE (2003). Inhibition of
furin-like enzymes blocks interleukin-1alpha/oncostatin M-
stimulated cartilage degradation. Arthritis Rheum 48: 1057-1066.

Moldovan F, Pelletier JP, Mineau F, Dupuis M, Cloutier JM, Martel-
Pelletier J (2000). Modulation of collagenase 3 in human
osteoarthritic cartilage by activation of extracellular transforming
growth factor beta: role of furin convertase. Arthritis Rheum 43:
2100-2109.

Muley MM, Krustev E, Reid AR, Mcdougall JJ (2017). Prophylactic
inhibition of neutrophil elastase prevents the development of
chronic neuropathic pain in osteoarthritic mice.

J Neuroinflammation 14: 168.

Nagase H, Enghild JJ, Suzuki K, Salvesen G (1990). Stepwise activation
mechanisms of the precursor of matrix metalloproteinase 3
(stromelysin) by proteinases and (4-aminophenyl)mercuric acetate.
Biochemistry 29: 5783-5789.

Nagase H, Suzuki K, Cawston TE, Brew K (1997). Involvement of a
region near valine-69 of tissue inhibitor of metalloproteinases
(TIMP)-1 in the interaction with matrix metalloproteinase 3
(stromelysin 1). Biochem ] 325 (Pt 1): 163-167.

Nakagawa K, Sakiyama H, Tsuchida T, Yamaguchi K, Toyoguchi T,
Masuda R ef al. (1999). Complement Cl1s activation in degenerating
articular cartilage of rheumatoid arthritis patients:
immunohistochemical studies with an active form specific antibody.
Ann Rheum Dis 58: 175-181.

O’Neill KR, Stutz CM, Mignemi NA, Cole H, Murry MR, Nyman JS
etal. (2012). Fracture healing in protease-activated receptor-2
deficient mice. J] Orthop Res 30: 1271-1276.

Palmer HS, Kelso EB, Lockhart JC, Sommerhoff CP, Plevin R, Goh FG
et al. (2007). Protease-activated receptor 2 mediates the
proinflammatory effects of synovial mast cells. Arthritis Rheum 56:
3532-3540.

Pham CT (2008). Neutrophil serine proteases fine-tune the
inflammatory response. Int ] Biochem Cell Biol 40: 1317-1333.

Qiu D, Owen K, Gray K, Bass R, Ellis V (2007). Roles and regulation of
membrane-associated serine proteases. Biochem Soc Trans 35:
583-587.

Quan ML, Ellis CD, He MY, Liauw AY, Lam PY, Rossi KA et al. (2003).
Nonbenzamidine isoxazoline derivatives as factor Xa inhibitors.
Bioorg Med Chem Lett 13: 1023-1028.

Raghu H, Jone A, Cruz C, Rewerts CL, Frederick MD, Thornton S et al.
(2014). Plasminogen is a joint-specific positive or negative
determinant of arthritis pathogenesis in mice. Arthritis Rheumatol
66: 1504-1516.

50 British Journal of Pharmacology (2019) 176 38-51

Ramachandran R, Mihara K, Chung H, Renaux B, Lau CS, Muruve DA
etal. (2011). Neutrophil elastase acts as a biased agonist for
proteinase-activated receptor-2 (PAR2). J Biol Chem 286:
24638-24648.

Ronday HK, Van Der Laan WH, Tak PP, De Roos JA, Bank RA,
Tekoppele JM et al. (2001). Human granzyme B mediates cartilage
proteoglycan degradation and is expressed at the invasive front of the
synovium in rheumatoid arthritis. Rheumatology (Oxford) 40:
55-61.

Rowan AD, Litherland GJ, Hui W, Milner JM (2008). Metalloproteases
as potential therapeutic targets in arthritis treatment. Expert Opin
Ther Targets 12: 1-18.

Sanman LE, Bogyo M (2014). Activity-based profiling of proteases.
Annu Rev Biochem 83: 249-273.

Santiago L, Menaa C, Arias M, Martin P, Jaime-Sanchez P, Metkar S
etal. (2017). Granzyme A contributes to inflammatory arthritis in
mice through stimulation of osteoclastogenesis. Arthritis Rheumatol
69: 320-334.

Santoro A, Conde J, Scotece M, Abella V, Lois A, Lopez Vet al. (2015).
SERPINE2 inhibits IL-1alpha-induced MMP-13 expression in human
chondrocytes: involvement of ERK/NF-kappaB/AP-1 pathways. PLoS
One 10: e0135979.

Sato H, Kinoshita T, Takino T, Nakayama K, Seiki M (1996).
Activation of a recombinant membrane type 1-matrix
metalloproteinase (MT1-MMP) by furin and its interaction with
tissue inhibitor of metalloproteinases (TIMP)-2. FEBS Lett 393:
101-104.

Spaeny-Dekking EH, Hanna WL, Wolbink AM, Wever PC, Kummer
JA, Swaak AJ et al. (1998). Extracellular granzymes A and B in
humans: detection of native species during CTL responses in vitro
and in vivo. J Immunol 160: 3610-3616.

Teschler H (2015). Long-term experience in the treatment of alphal-
antitrypsin deficiency: 25 years of augmentation therapy. Eur Respir
Rev 24: 46-51.

Tetlow LC, Woolley DE (1995). Distribution, activation and
tryptase/chymase phenotype of mast cells in the rheumatoid lesion.
Ann Rheum Dis 54: 549-555.

Thurman JM, Frazer-Abel A, Holers VM (2017). The evolving
landscape for complement therapeutics in rheumatic and
autoimmune diseases. Arthritis Rheumatol 69: 2102-2113.

Tiaden AN, Richards PJ (2013). The emerging roles of HTRA1 in
musculoskeletal disease. Am J Pathol 182: 1482-1488.

Treadwell BV, Pavia M, Towle CA, Cooley V], Mankin HJ (1991).
Cartilage synthesizes the serine protease inhibitor PAI-1: support for
the involvement of serine proteases in cartilage remodeling. ] Orthop
Res 9: 309-316.

Tsuchiya A, Yano M, Tocharus J, Kojima H, Fukumoto M, Kawaichi M
et al. (2005). Expression of mouse HtrA1 serine protease in normal
bone and cartilage and its upregulation in joint cartilage damaged by
experimental arthritis. Bone 37: 323-336.

Ugalde AP, Ordonez GR, Quiros PM, Puente XS, Lopez-Otin C (2010).
Metalloproteases and the degradome. Methods Mol Biol 622: 3-29.

Van Ness K, Chobaz-Peclat V, CastelluccI M, So A, Busso N (2002).
Plasminogen activator inhibitor type-1 deficiency attenuates murine
antigen-induced arthritis. Rheumatology (Oxford) 41: 136-141.

Vincent TL, Williams RO, Maciewicz R, Silman A, Garside P, Arthritis
Research, U. K. A. M. W. G (2012). Mapping pathogenesis of arthritis
through small animal models. Rheumatology (Oxford) 51:
1931-1941.



Wang P, Tortorella M, England K, Malfait AM, Thomas G, Arner EC
et al. (2004). Proprotein convertase furin interacts with and cleaves
pro-ADAMTS4 (Aggrecanase-1) in the trans-Golgi network. J Biol
Chem 279: 15434-15440.

Wang Q, Rozelle AL, Lepus CM, Scanzello CR, Song ]JJ, Larsen DM
et al. (2011). Identification of a central role for complement in
osteoarthritis. Nat Med 17: 1674-1679.

Wilkinson D]J, Desilets A, Lin H, Charlton S, Arques MC, Falconer AF
et al. (2017a). The serine proteinase hepsin is an activator of pro-
matrix metalloproteinases: molecular mechanisms and implications
for extracellular matrix turnover. Sci Rep 7: 16693.

Wilkinson DJ, Habgood A, Lamb HK, Thompson P, Hawkins AR,
Desilets A et al. (2017b). Matriptase induction of metalloproteinase-
dependent aggrecanolysis in vitro and in vivo: promotion of
osteoarthritic cartilage damage by multiple mechanisms. Arthritis
Rheumatol 69: 1601-1611.

Woolley DE, Lindberg KA, Glanville RW, Evanson JM (1975). Action
of rheumatoid synovial collagenase on cartilage collagen. Different
susceptibilities of cartilage and tendon collagen to collagenase attack.
Eur ] Biochem 50: 437-444.

Wu C, Song Z, Liu H, Pan J, Jiang H, Liu C et al. (2017). Inhibition of
furin results in increased growth, invasiveness and cytokine
production of synoviocytes from patients with rheumatoid arthritis.
Joint Bone Spine 84: 433-439.

Xiang Y, Masuko-Hongo K, Sekine T, Nakamura H, Yudoh K, Nishioka
Ketal. (2006). Expression of proteinase-activated receptors (PAR)-2 in

Serine proteinases and arthritis m

articular chondrocytes is modulated by IL-1beta, TNF-alpha and TGF-
beta. Osteoarthritis Cartilage 14: 1163-1173.

Xie XW, Wan RZ, Liu ZP (2017). Recent research advances in selective
matrix metalloproteinase-13 inhibitors as anti-osteoarthritis agents.
ChemMedChem 12: 1157-1168.

Xue M, March L, Sambrook PN, Fukudome K, Jackson CJ (2007).
Endothelial protein C receptor is overexpressed in rheumatoid
arthritic (RA) synovium and mediates the anti-inflammatory effects
of activated protein C in RA monocytes. Ann Rheum Dis 66:
1574-1580.

Yamaguchi K, Sakiyama H, Matsumoto M, Moriya H, Sakiyama S
(1990). Degradation of type I and II collagen by human activated
C1-s. FEBS Lett 268: 206-208.

Yau MK, Liu L, Fairlie DP (2013). Toward drugs for protease-activated
receptor 2 (PAR2). ] Med Chem 56: 7477-7497.

Yeh CH, Fredenburgh JC, Weitz JI (2012). Oral direct factor Xa
inhibitors. Circ Res 111: 1069-1078.

Yu X, Zhao L, Yu Z, Yu C, BiJ, Sun B et al. (2017). Sivelestat sodium
hydrate improves post-traumatic knee osteoarthritis through nuclear
factor-kappaB in a rat model. Exp Ther Med 14: 1531-1537.

Zurawa-Janicka D, Skorko-Glonek J, Lipinska B (2010). HtrA proteins
as targets in therapy of cancer and other diseases. Expert Opin Ther
Targets 14: 665-679.

British Journal of Pharmacology (2019) 176 38-51 51



